Carbon fiber composites offer outstanding structural performance with high specific strength and are experiencing significant commercial adoption as the fiber price continues to decrease. Composite research efforts now need to focus on creating multifunctional composites, which can offer sensing capabilities in addition to structural attributes. This work focuses on creating multifunctional carbon fiber composites with structural health monitoring capabilities through the integration of piezoresistive nanoparticles on the surface of carbon fiber. Prior research introduced the development of coating silicon carbide nanoparticles on the surface of carbon fiber in a continuous feed-through process to achieve increased SHM sensitivity with enhanced interlaminar strength and tunable mechanical damping properties. One benefit of that coating process is the compatibility with various nanomaterials. This research capitalizes on that benefit by coating different nanoparticles, such as titanium dioxide, on carbon fiber to further enhance the sensing capabilities. A modification to the prior coating process is made in this research to enable significantly higher nanoparticle loading to be achieved. The resulting composites more accurately measure an applied force by responding with a more profound electrical resistance change. This research lays the foundation for efficiently integrating nanoparticles onto fibers leading to homogenously dispersed nanoparticles throughout a fiber reinforced composite for multifunctional performance.
INTRODUCTION
Fiber-reinforced composites are seeing ever-increasing use in high-risk applications that can result in significant loss of life and/or property damage if sudden, catastrophic failure occurs. These composites are seeing implementation in aerospace applications as passenger plane fuselages and liquid oxygen fuel tanks in rockets, in infrastructure projects as concrete pillar repair, and in transportation as electric vehicle battery enclosures and automobile wheels. Incorporating fiber-reinforced composite materials in primary structural components can result in improved performance while reducing the overall structural weight and often bringing significant energy savings such as fuel economy. However, carbon fiber composites have an inherent problem with hiding damage under the surface thus making visual inspection ineffective at identifying damage. These composites also fail catastrophically so there is a need to monitor these composites for damage or excessive applied stress in order to reduce the risk of catastrophic failure. To achieve this structural health monitoring (SHM) abilities have been explored for these composites.
For structural health monitoring and sensing fiber-reinforced composites, the approach has been to integrate nanomaterials into the composite. The size scale of the fibers is already typically less than 10 μm so adding particles on the same size scale could act as defects and decrease the mechanical performance of the composites. Therefore, nanomaterials have been the popular approach to make multifunctional fiber-reinforced composites. Previous research has demonstrated the ability to grow various nanomaterials on the surface of different fibers to add sensing capabilities to the composite. For example, (ZnO) nanowires have been grown on aramid fibers to create passive sensing systems. 1, 2 Utilizing the direct piezoelectric effect of ZnO, the composites were able to generate an electric charge in response to an applied mechanical force. Other research demonstrated the growth of barium titanate (BaTiO 3 ) on the surface of carbon fiber to make multifunctional carbon fiber composites. [3] [4] [5] Similar to the ZnO research, the ferroelectric behavior of BaTiO 3 created an electrical charge in the bulk composite in response to an applied mechanical force. These research efforts were achieved by growing piezoelectric ceramic nanomaterials directly on the fiber surface through hydrothermal processes. There are many additional approaches to creating nanomaterials such as electrospinning 6 , chemical vapor deposition 7 , template-assisted 8, 9 , thermal decomposition 10, 11 , and plasma-assisted 12 , to name a few. The major obstacles to using these techniques to synthesize nanomaterials on fiber surfaces are the limited fiber quantities that can be processed at a time or the harsh processing conditions that are required. Therefore, an approach is offered in this work that enables large quantities of fibers to be processed and negates the effects of harsh processing conditions so different nanomaterials can be compatible with fiber coating.
The aim here is to demonstrate a continuous feed-through process that is compatible with many different fiber and nanomaterial systems. An existing process in carbon fiber production is utilized to adhere nanomaterials to the fiber surface. The nanomaterials can be synthesized in a process separate from fiber coating process thus enabling the use of nanomaterials that are produced from processes that are not compatible with the fiber. This opens up the possibility to create unique functions within fiber reinforced composites. The desired function for these composites is self-sensing capabilities through utilizing the piezoresistive effect present in some nanomaterials. Although the piezoresistive effect of carbon fiber has been demonstrated previously, [13] [14] [15] [16] this research aims to build off of the previous work and demonstrate an enhancement in the sensing capabilities through the integration of piezoresistive nanoparticles onto the fiber surface.
Prior research by the authors utilized silicon carbide (SiC) nanoparticles embedded in the epoxy sizing on carbon fiber to create a truly multifunctional composite with increased structural health monitoring sensitivity and increase mechanical performance. 17 SiC nanoparticles (45-65 nm) were blended with a commercially-available epoxy sizing. Bare carbon fibers were dipped into this nanoparticle-epoxy solution and subsequently dried resulting in fibers coated with nanoparticles embedded in the epoxy sizing. This showed that nanoparticles could be homogeneously dispersed in the sizing around carbon fiber in a continuous feed-through process, which makes it a scalable process. Various epoxy and nanoparticle concentrations were successfully deposited on the tows of carbon fiber to fabricate unidirectional composites for structural health monitoring sensitivity characterization. Mechanical testing consisted of short beam shear tests to measure the interlaminar shear strength. Structural health monitoring was performed by flexing the composite while measuring the through-thickness electrical resistance of the composite over a range of strain levels. Overall, an optimal epoxy and nanoparticle concentration range saw simultaneous improvements in both interlaminar shear strength and SHM sensitivity. The best performing composite experienced both a 47.5% increase in SHM sensitivity and a 7.7% increase in interlaminar shear strength.
This prior research will be expanded upon by utilizing titanium dioxide (TiO 2 ) nanoparticles instead of SiC nanoparticles to coat carbon fiber. This will demonstrate that the continuous feed-through process enables carbon fiber to be coated with various nanoparticles. The dip coating process is modified slightly in this work in order to achieve higher loading fractions of the nanoparticles on the fiber surface. The overarching goal is to show the effect these nanoparticles have on the SHM sensitivity with the expectation that the SHM sensitivity will increase as a function of increasing nanoparticle concentration.
COMPOSITE FABRICATION
The continuous feed-through process used for this research was a simple dip coating procedure in which nanoparticles were deposited in the epoxy sizing, which is a commercial material that is added during the carbon fiber production process. The selected materials were Hexcel IM7 carbon fiber, Michelman Hydrosize® EP876 epoxy sizing and 30 nm rutile titanium dioxide (TiO 2 ) nanoparticles purchased from US Research Nanomaterials, Inc. A full tow consisting of 12,000 filaments was processed through the coating baths. The nanoparticle coating method used a modified process as compared to previous research. 17 Instead of using a single dip coating bath with the nanoparticles mixed into the epoxy emulsion, the nanoparticles were dispersed in water as a first coating bath and a second coating bath contained the epoxy emulsion. The fibers were dried at 120°C for 1 minute after each bath to evaporate the water before spooling. The advantage of using this two-step coating process is that a much higher percentage of nanoparticles could be mixed in water than the epoxy emulsion so a much higher weight fraction of nanoparticles could be used. Also, the TiO 2 nanoparticles agglomerated when initial tests were performed with mixing the nanoparticles in the epoxy emulsion. By dispersing the TiO 2 in water, agglomerations were avoided. TiO 2 was mixed in deionized water at concentrations of 0.25, 1 and 4 wt% as the first dip coating bath. The second bath contained an epoxy sizing emulsion that was diluted with water in an epoxy to water ratio of 1:40 by weight. Diluting the as-received epoxy emulsion allowed the proper level of epoxy sizing to be coated on the fiber surface. The resulting fibers can be seen in the scanning electron microscope images in Figure 1 . These tows of fibers were then fabricated into unidirectional composites using a filament winding technique and a compression molding setup. The compression mold had a fixed volume so the proper amount of fibers were added to the mold to result in a fiber content of roughly 60 vol%. The resulting composites had a thickness of approximately 0.85 mm, a width of 12.6 mm and a length of 125 mm. To achieve a 60 vol% fiber content, 25 tows were wrapped under tension on a frame then placed in the compression mold. The epoxy matrix was Hexion, Inc. Epon 862 mixed with Hexion, Inc. Epikure ™ Curing Agent W, which were mixed in a 100:26.4 ratio by weight. This epoxy was added to the compression mold and cured at 121°C for 4 hours as recommended by the manufacturer. Once cured and cooled to room temperature, the composites were removed, sectioned and polished to meet the specifications for the SHM characterization testing mentioned in the next section. In the rest of the figures, the composites are named after the concentration of the first coating bath. For example, the 0.25 wt% composite is the composite that contains the fibers that were coated with the 0.25 wt% TiO 2 solution in the first coating process. 
STRUCTURAL HEALTH MONITORING CHARACTERIZATION
This work focuses on utilizing the piezoresistive effect of TiO 2 to enhance the electromechanical response of the composite. The composites were sectioned into thin beams and electroded in an out-of-plane through-thickness configuration. These beams were placed in a single cantilever clamp in a TA Instruments Q800 Dynamic Mechanical Analyzer (DMA). This clamp configuration enabled one end of the beam to remain fixed while the other end was displaced to flex the beam. The clamp had a span length of 17.5 mm and the beam dimensions were accurately measured to obtain similar strain levels in each of the composites. The beam width was 12.6 mm and the thickness was roughly 0.85 mm. During these DMA tests, the electrical resistance of the composite was measured using a Keysight 34470A digital multimeter. The electrical resistance was continuously captured and recorded using Keysight BenchVue software to correlate the DMA waveform to the electrical signal. The testing protocol was to start with the beam at 0% strain then flex it to a set strain level and hold it at that level for about 10 seconds. The displacement was then reduced to 0% and held for roughly 10 seconds before returning to the strained state. The beams were flexed from 0.08% strain to 0.01% strain in 0.01% increments, and each strain level was repeated 10 times. A representative displacement waveform can be seen in Figure 2 below. The testing configuration is shown in Figure 3 below. 
RESULTS AND DISCUSSION
Representative curves of the input strain and resulting relative resistance change from the electromechanical tests are show in Figure 4 for the 1 wt% TiO 2 sample. As seen in that figure, as the strain increases, the electrical resistance of the composite increases and returns to the original resistance when the strain is reduced to 0%. The electrical resistance shown in Figure 4 is calculated as the relative resistance change, which is the change in electrical resistance compared to the original electrical resistance. The relative resistance change of the four different composites are shown in Figure 5 from a peak strain input of 0.08%. It is seen in this figure that as compared to the epoxy only composite the 0.25 wt% and 1 wt % composites have increased relative resistance changes with the 1 wt% composite seeing the largest increase, but the 4 wt% composite has a lower response. Therefore, simply increasing the TiO 2 content does not necessarily lead to enhanced SHM sensitivity; there is an upper limit where the addition of nanoparticles becomes detrimental to the performance. The relative resistance change was averaged over 10 strain cycles for each composite to reveal values of 0.0114, 0.0211, 0.0350 and 0.0043 for the epoxy only, 0.25 wt%, 1 wt% and 4 wt % composites, respectively. After determining the average relative resistance change of each composite, the gauge factor was calculated. This value provides a quantitative way to compare the SHM sensitivity of the composites. The gauge factor is calculated by using Equation 1
Gauge Factor =
where the change in electrical resistance (ΔR) is divided by the beginning electrical resistance (R 0 ) and that is then divided by the strain (ε). Therefore, the gauge factor essentially measures the sensitivity of the composites to mechanical strain. As shown in Figure 6 , the resulting gauge factors for the composites are 14.2. 26.3, 43.8 and 5.7 for the epoxy only, 0.25 wt%, 1 wt% and 4 wt % composites, respectively. This equates to an optimum increase in gauge factor of roughly 208% for the 1 wt% composite as compared to the epoxy only composite.
CONCLUSION
This work demonstrated that a wide concentration of TiO 2 nanoparticles could be coated on carbon fiber in a continuous feed-through process. This high-volume process offers versatility in the type of fiber and nanomaterial combinations that are possible, and it enables the production of composites on commercially-deployable size scales. Overall, integrating TiO 2 nanoparticles onto the fiber surface significantly increased the SHM sensitivity of the carbon fiber unidirectional composites. The highest gauge factor was 43.8 from the 1 wt% TiO 2 composite, which equates to a 208% increase compared to the epoxy only composite. While increasing TiO 2 concentration showed promising performance increases, if the TiO 2 was loaded too high, i.e. 4 wt%, then the SHM performance decreased. Therefore, this research established the proof-of-concept that this continuous feed-through process could be used to coat carbon fiber with TiO 2 and enhance the SHM sensitivity of unidirectional carbon fiber composites.
